Follicle-stimulating hormone is the major regulator of growth and development of antral follicles in the ovary. Granulosa cells (GCs) in these follicles are coupled via gap junctions (GJs) consisting of connexin 43 (Cx 43). Because we and others have found that Cx 43 and GJs, respectively, are more abundant in large antral follicles compared with small antral and preantral follicles, we hypothesized that FSH may control Cx 43 gene expression, GJ formation, and intercellular communication. To directly address these points, we chose a rat GC line (GFSHR-17) expressing the FSH receptor and the Cx 43 gene. The functionality of FSH receptors was shown by the effects of porcine FSH, namely cell rounding, reduced cellular proliferation, and stimulation of progesterone production of GFSHR-17 cells, which are effects that were detectable within hours. Treatment with FSH also statistically significantly increased Cx 43 mRNA levels, as shown after 6 to 9 h in Northern blots. These effects were antedated by altered GJ communication, which was observed within seconds. Using a single-cell/whole-cell patch clamp technique, we showed that FSH rapidly and reversibly enhanced electrical cell coupling of GFSHR-17 cells. Increased GJ communication was associated with statistically significantly decreased phosphorylation of Cx 43, which was observed within 10 min after FSH addition, during immunoprecipitation experiments. Our results demonstrate, to our knowledge for the first time, that the gonadotropin FSH acutely and directly stimulates intercellular communication of GFSHR-17 cells through existing GJs. Moreover, FSH also increases levels of Cx 43 mRNA. These changes are associated with reduced proliferation and enhanced differentiation of GFSHR-17 cells. In vivo factors in addition to FSH may be involved in the regulation of GJ/GJ communication between GCs in the follicle, but our results suggest that improved cell-to-cell coupling, enhanced Cx 43 gene expression, and possibly, formation of new GJs are direct consequences of FSH receptor activation and may antedate and/or initiate the pivotal effects of FSH on GCs.
INTRODUCTION
In the ovary, follicular development is under the tight control of FSH. Depending on the presence of FSH receptors, antral follicles have the potential to grow if FSH is present [1] . However, only a few follicles mature and ovulate; most undergo atresia [2] . What regulates the fate of an individual follicle is not clear, but compartmentalization in thecal and granulosa cells (GCs) and intercellular communication via gap junctions (GJs) within these compartments are assumed to be crucial for the mediation of signals initiating growth and/or atresia, respectively [3] .
Gap junctions connect adjacent cells and enable them to communicate by exchanging inorganic ions and molecules with a molecular weight less than 1000 Da. The GJ channels consist of two hemichannels (i.e., connexons), which are built from six radially arranged, transmembrane proteins called connexins (Cx). End-to-end attachment of two Cx from adjacent cells results in one intercellular channel. Once a GJ is formed, the degree of intercellular communication can be controlled by diverse gating mechanisms and initiated by changes in pH, free intracellular Ca 2ϩ , and phosphorylation of Cx molecules [4] .
To date, 16 different forms of Cx have been described. They are classified according to their expected molecular weight. Several forms are present in the ovary, including Cx 46, Cx 45, Cx 30.3, Cx 32, Cx 37, Cx 26, Cx 43 [5] , Cx 50 [6] , Cx 57 [7] , and Cx 60 [8] . Most ovarian Cx are restricted to defined locations, such as Cx 40 to the endothelia of blood vessels or Cx 37 to the oocyte [9] . In contrast, that Cx 43 is the most abundant ovarian Cx and expressed by several endocrine ovarian cells, including GCs, theca cells, and luteal cells, is generally accepted [4, 5, 10] . Recent evidence from the organ culture of ovaries from Cx 43 knockout mice underscores the pivotal role of Cx 43 in follicular development and reproductive function [11] .
Despite this well-documented presence and indispensability of Cx 43, little is known regarding how Cx and GJ intercellular communication of GCs or thecal cells are regulated. Treatment of rats with eCG increased levels of Cx 43 in the ovary and shortly before ovulation, downregulation of Cx 43 in GCs by LH was shown to be vitally important in the GC layer for preparation of ovulation [12, 13] . Also, around the time of ovulation, nerve growth factor induces serine phosphorylation of Cx 43 in thecal cells and decreases their cellular communication [14] .
What regulates Cx 43 and GJ communication in GCs of the follicle during follicular development and before ovulation is not known. However, results of immunocytochemical analysis [15] , Western blotting [16] , Northern blotting [17] , and in situ hybridization (present study) indicate enhanced Cx 43 protein and mRNA expression in larger fol-licles compared with smaller ones, suggesting an upregulation of Cx 43 gene expression during follicular growth [5] . Although these observations give circumstantial evidence for a stimulatory direct and/or indirect role of FSH on Cx 43, its precise effect on GJ formation and communication has not yet been examined.
To address these points and to study the effect of FSH on Cx 43/GJ communication of GCs directly, we used a stabily transformed rat GC line that expresses the rat FSH receptor gene (GFSHR-17) [18] and Cx 43 GJs. The biological effects of FSH on cell morphology, differentiation, and proliferation of these cells were evaluated and correlated with alterations in the Cx 43 expression pattern. The Cx 43 phosphorylation was evaluated by immunoprecipitation and subsequent immunoblotting. Importantly, electrophysiological measurements via single-cell/whole-cell patch clamp enabled us to test for acute effects of FSH on GJ intercellular communication.
MATERIALS AND METHODS

Chemicals
All chemicals for the cell culture were purchased from Sigma (Deisenhofen, Germany) unless otherwise indicated, and chemicals for buffers were from Merck (Darmstadt, Germany). Reagents for in situ hybridization were purchased from Boehringer Mannheim (Mannheim, Germany).
Animals and Tissue Sections
Adult, cycling, female Sprague-Dawley rats (2-6 mo of age) were derived from the breeding colonies of the University of Ulm and Technische Universität München. Most of them had been used for previous studies, and all animal care requirements were fulfilled. No attempt was made to select animals from different phases of the estrus cycle. While under deep CO 2 anesthesia, rats were decapitated, and the ovaries were removed and immersed into 4% paraformaldehyde. Frozen, 6-m sections were cut, and sections from five rats were used for in situ hybridization as described elsewhere [14] .
Cell Culture
The GFSHR-17 cells [18] were grown on 35-or 60-mm culture plates (for protein and RNA), on Labteks (for immunofluorescence), on 96-well plates (for proliferation assays; all three purchased by NUNC, Wiesbaden, Germany) or on cover glasses (for electrophysiology; Kindler, Freiburg, Germany). Cells were cultured with Dulbecco modified Eagle medium Ham F12 (1:1 v:v; Biochrom KG, Berlin, Germany) containing 5% fetal calf serum (Biochrom KG, Berlin, Germany). Cells were maintained in culture for up to 25 passages and were treated as indicated with porcine (p) FSH (0.5 IU/ml).
Western Blot Analysis
Immunoblotting of protein from GFSHR-17 was performed as described elsewhere [15] . In brief, plates of confluent grown cells were rinsed two times in 10 mM Pipes buffer (pH 7.2) containing 150 mM NaCl and 1 mM EDTA. They were resolved in a 62.5 mM Tris buffer (pH 6.8) with 2% SDS and 10% saccharose and then homogenized by sonication. The lysate was assayed for protein (BCA; Pierce, Rockford, IL, USA). After boiling (100ЊC) for 5 min, samples were subjected to a 12.5% SDS-PAGE (15 g of protein per lane) and separated electrophoretically. Proteins were blotted onto nitrocellulose (Schleicher und Schuell, Dassel, Germany) and incubated overnight with either a previously described Cx 43 antiserum (1:1000) [15] or a commercial monoclonal Cx 43 antibody (1:1000; Sigma) at 4ЊC, followed by a peroxidase-conjugated goat secondary antibody (Dianova, Hamburg, Germany). Immunoreactivity was detected using an enhanced chemiluminescence kit (Amersham Buchler, Braunschweig, Germany).
Immunoprecipitation Studies
Immunoprecipitation of Cx 43 was performed as described elsewhere [14] . In brief, cells grown on plates were treated with or without pFSH, harvested, and homogenized (Ultra Turrax, IKA Labortechnik, Staufen, Germany). Membrane lysate was concentrated in a sucrose gradient. Membrane lysate in 10 mM PBS containing 0.5% deoxycholate (Na), 0.02% SDS, 1% polyethoxyethanol, 1 mM Na 3 VO 4 , 0.1% PMSF, and 30 l/ml of aprotinin was incubated with protein A/sepharose for 2 to 4 h coupled to the same Cx 43 antiserum used for immunofluorescence. This antibody recognizes phosphorylated as well as nonphosphorylated Cx 43. Immunoprecipitated protein was electrophoretically separated by SDS-PAGE, and immunodetection was performed as described earlier using monoclonal anti-phosphoserine, -tyrosine, and -threonine (1:500; Sigma) and commercial anti-Cx 43 antibodies (1: 1000; Sigma). Signals obtained were digitized and analyzed densitometrically using a computer program created by A. Bulling and M. Rumitz (staff of the Anatomical Institute). Optical densities were statistically analyzed.
Immunofluorescense and In Situ Hybridization
The method of immunofluorescence detection used has been described elsewhere [19] . In brief, cells were rinsed in 10 mM PBS (pH 7.4) and fixed in 4% paraformaldehyde. After fixation, cells were incubated with Cx 43 antiserum [15] and diluted 1:200 in a 0.02 M potassium PBS (pH 7.4) with 0.3% Triton X-100 and 2.5% normal goat serum overnight at 4ЊC. Immunoreaction was detected with a fluorescein-coupled goat-anti-rabbit antibody (Dianova). Cells were mounted using the ProLong Antifade Kit (Molecular Probes, Göttingen, Germany) according to manufacturer's instructions, and immunoreaction was viewed using a Zeiss Axiovert 135 microscope (Jena, Germany) equipped with appropriate filter sets.
Cryostat sections of rat ovaries were probed with a digoxygenin (DIG) uridine triphosphate-labeled rat Cx 43 cRNA antisense probe transcribed from a cDNA complementary to nucleotides 226-564 of the rat sequence as described elsewhere [14] . Proteinase K digestion was performed with a concentration of 0.25 g/ml. Solution for hybridization contained 4ϫ saline-sodium citrate (SSC), 5% dextran sulfate, 1ϫ Denhardt solution, 50% deionized formamide, yeast-tRNA (0.25 mg/ml), and denatured Herrings sperm (0.5 mg/ml). Hybridization with Cx 43 cRNA was detected using an alkaline phosphatase-coupled, anti-DIG-antibody (1:200), followed by visualizing with BCIP (5-bromo-4-chloro-3-indolyl-phosphate) and NBT (4-nitroblue-tetrazolium-chloride) dissolved in 50 and 70 mg/ml dimethylformamide, respectively. For control purposes, consecutive sections were incubated with a Cx 43 cRNA sense riboprobe.
Northern Blot Analysis
Northern blot analysis was performed as described elsewhere [14] . Cellular RNA was extracted using the Rneasy kit (Quiagen, Hilden, Germany). A total of 10 g of RNA per lane was electrophoretically separated on 1% formaldehyde agarose gels and blotted onto a nylon membrane (Amersham Buchler), followed by ultraviolet cross-linking. Prehybridization was performed for 2 h with 0.1% SDS containing 50% deionized formamide, 7.5% Denhardt solution, 4% SSC, 1 mM EDTA, and 10% ssDNA, at 60ЊC. Hybridization was performed overnight at 60ЊC with a 32 Plabeled Cx 43 riboprobe transcribed from the same rat Cx 43 cDNA as for in situ hybridization. After hybridization, blots were washed five times in 0.1% SSC containing 0.1% SDS at 65ЊC before autoradiography films (Hyper MP, Amersham Buchler) were developed after 1 to 3 days. In addition, blots were probed with a ␤-actin riboprobe to account for loading differences. The optical density of the signals was measured as described for immunoprecipitation.
Electrophysiology: Whole-Cell Patch Clamp Recording
Junctional resistance between two adjacent cells coupled via GJs is a quantitative indicator of cell coupling and, thus, can be used to assess the degree of intercellular communication. As recently shown by Bigiani and Roper [20] and described by Postma et al. [21] , the single-cell/whole-cell patch clamp technique can be applied in such a way that total membrane resistance reflects junctional resistance. For our study, we selected pairs of cells and patch clamped one of the two adjacent cells in the whole-cell configuration using an EPC 9 amplifier (HEKA Electronic, Lambrecht, Germany). Pipettes were pulled and fire polished in a DMZ Universal Puller (Zeitz, Augsburg, Germany) to obtain an approximate resistance of 5 to 6 M⍀ in extracellular solution containing 140 mM NaCl, 3 mM KCl, 1 mM CaCl 2 , 10 mM HEPES, and 10 mM glucose (pH 7.4). Pipette solution (i.e., intracellular medium) contained 130 mM KCl, 10 mM HEPES, 5 mM EGTA, 3 mM CaCl 2 , and 0.85 mM MgCl 2 (pH 7.4) with a calculated amount of 100 nM free Ca 2ϩ . The patched cell was clamped to a potential near the measured resting membrane potential (Ϫ45 Ϯ 15 mV, n ϭ 20 cells). We stimulated the cells with a sinusoidal voltage pulse of 270 Hz (amplitude ϭ 20 mV, offset ϭ Ϫ70 to Ϫ90 mV). The frequency of this pulse enabled us to assess the charge of the total membrane capacitance in response to the sine wave of the pulse. Any change in this calculated membrane capacitance implies changes in cellular coupling, with increasing membrane capacitance correlating with increased cellular coupling and vice versa. In addition, total membrane resistance was calculated, reflecting the junctional resistance of the cells. Because the values for cell capacitance and resistance were calculated by the software using a single-cell model, special attention had to be paid to the effects of different stimulation parameters on the measured values in case of cells coupled with the patch clamped cell. Simulations using a multicell circuit model showed that low stimulation frequencies would lead to marked changes in both capacitance and resistance values in the single-cell model when the coupling of cells changes. In contrast, changes of membrane resistance of the patched cell (i.e., because of activity of the ion channels) would only result in changes in the overall measured resistance, not in the total membrane capacitance. Using this technique, we tested the effects of pFSH (0.5 IU/ml) both alone and together with heptanol (5 mM) on GFSHR-17 cells. Results in this study were from eight experiments using eight pairs of cells, in which pFSH and heptanol were used subsequently. Stimulants were added via a flow system equipped with valves (Valvelink, Automate Scientific Inc., San Francisco, CA), by which the cells were constantly rinsed with the extracellular medium containing the respective stimulant.
Proliferation Assays
In addition, 3 H-thymidine incorporation in cellular DNA was measured as described elsewhere [22] . In brief, 3 Hmethylthymidine (NEN, Köln, Germany) was diluted in RPMI medium (Biochrom KG, Berlin Germany) to obtain 50 Ci/ml, and then 20 l of this solution were added to the cells for 6 h. Cells were subsequently harvested and lysed, and cellular DNA was precipitated on glass-fiber filters. The radioactivity of the filter pads, indicating 3 H-thymidine incorporation, was counted using a Matrix 96 Scintillation Counter (Packard Instruments, Meriden, CT).
Progesterone Assay
The content of progesterone in the culture medium was measured using a progesterone ELISA assay (Biochem Immunosystems, Freiburg, Germany) according to the manufacturer's instructions, as described elsewhere [19] .
Statistics
Results of proliferation assays and analyses of optical densities of Northern blots and immunopreciptation experiments were statistically analyzed using t-tests.
RESULTS
Rat Ovarian Follicular GC and GFSHR-17 Cells Contain Cx 43
In accordance with the results of previous studies [5, [12] [13] [14] [15] , in situ hybridization of rat ovaries showed that Cx 43 is readily detectable in the GCs of follicles (Fig. 1) . The GCs in larger (i.e., antral follicles) showed a more intense labeling compared with that in smaller, preantral ones. Thus, we hypothesized that Cx 43 expression may be subject to regulation by FSH. To address this point, we studied the effect of FSH on a rat GC line stabily transformed to express the FSH-receptor GFSHR-17 [18] . Immunofluorescense ( Fig. 2A), immunoblot (Fig. 2B) , and Northern blot analyses (Fig. 2C) showed that GFSHR-17 cells also contain Cx 43 protein and its mRNA. Thus, GFSHR-17 are a valid and useful model for the purpose of our study. 
FSH Affects GJ Communication and Cx 43 Phosphorylation of GFSHR-17 Cells
Evaluation of GJ communication. As reported in a preliminary study [23] , double-cell/whole-cell patch clamp showed that GFSHR-17 cells are functionally coupled. To study the acute effects of FSH on GJ coupling, we used a derived model of the single-cell/whole-cell patch clamp technique. Figure 3 depicts a representative experiment in which FSH caused a reversible decrease in total membrane resistance R m . Specifically, the decrease in eight independent experiments with eight different cell pairs ranged from 8% to 55% relative to the median value of R m ( Table 1) . To show that the measured effects resulted from changes in GJ coupling, we subsequently tested heptanol, which is a substance known to disrupt GJ channels, on each cell pair examined. Addition of heptanol (5 mM) caused an increase in R m and, as a consequence of decreased GJ communication, a decrease in total membrane capacitance C m (data not shown). Furthermore, we avoided bias in the measurements from changes of flow rate by switching channels and testing the buffer without FSH.
Phosphorylation of Cx 43 in GFSHR-17 cells. Increased phosphorylation of Cx 43 at serine, threonine, and tyrosine residues has been proposed to be involved in the gating mechanism of GJ channels [24] . Thus, we examined the phosphorylation state of Cx 43 within 10 min after the addition of FSH. Immunoprecipitated Cx 43 was immunoblotted and developed with anti-phosphoserine, -threonine, and -tyrosine antibodies, respectively (Fig. 4) . Phosphorylation of Cx 43 serine residues did not consistently change after FSH treatment. Thus, in seven experiments, we found no change in four cases but decreases of 63%, 68%, and 15% in three cases. Tyrosine residues of Cx 43 were, however, clearly dephosphorylated after addition of FSH. The FSH statistically significantly (P Ͻ 0.05, paired t-test) dephosphorylated Cx 43 tyrosine in seven independent experiments to 92%, 63%, 75%, 16%, 51%, and 76% of the respective control values; in one experiment, no change was observed. Furthermore, phosphorylation at threonine residues of Cx 43 decreased statistically significantly in response to FSH (n ϭ 8) to 95%, 88%, 83%, 25%, 52%, 48%, 68%, and 80% of control values (P Ͻ 0.05, paired ttest).
FIG. 3. Rapid effects of FSH on cellular coupling. A)
Scheme of the electrical circuit required for recording in the whole-cell mode. Two adjacent cells, each with its specific membrane resistance (R 1 and R 2 ) and capacitance (C 1 and C 2 ), are coupled via GJ channels that can be described as junctional resistance (R J ). Within this system, a sine pulse, consisting of an offset of Ϫ60 mV and an amplitude of 20 mV, is administered to a single patched cell. The subsequent changes in the current amplitude, phase, and offset are measured, and serial resistance (R s ), total membrane resistance (R m ), and total membrane capacitance (C m ) are calculated. Simulation of the electrical circuit shows that changes in R m and C m reflect changes in R J . B) A typical observation of the progression of R m measured in a cell pair in response to FSH. In this case, administration of FSH caused a small, transient increase in R m that was followed by a large, reversible decrease in R m . Similar results could be reproduced in eight independent experiments (Table 1) . a The median of R m during the first 29 sec, when cells were only rinsed with buffer, was calculated. The minima of decrease during the consecutive period of stimulation (30 sec) were subtracted from the median. In three of eight experiments, this decrease was preceded by a short peak increase of R m (11%-13%, n ϭ 3). 
FIG. 4. Effects of FSH on
Regulation of Cx 43 mRNA in GFSHR-17 Cells
Northern blotting of GFSHR-17 mRNA revealed that FSH increased Cx 43 mRNA levels approximately twofold after 6 to 9 h. A summary of three experiments is shown in Figure 5 ; note that two more experiments, with an increase of 270% or a marginal decrease of 14%, were excluded. The effect of FSH on Cx 43 mRNA levels was less pronounced when GFSHR-17 cells were treated with FSH for a longer period (24 h, data not shown).
Correlation of Cx 43 Levels with Cell Proliferation and Differentiation of GFSHR-17 Cells
Addition of FSH to GFSHR-17 induced a statistically significant inhibition of cell proliferation (Fig. 6 ) observed 9 h after addition, as shown by the results of two different assays. Results of 3 H-thymidine incorporation showed that proliferation was inhibited by 36% by FSH compared with nontreated cells (n ϭ 14, P Ͻ 0.05). Reduction of MTS through viable cells was also inhibited by FSH by 34%, 42%, and 45% within 6, 8, and 9 h, respectively, after the addition of FSH (n ϭ 14 and P Ͻ 0.05 for each experiment).
Furthermore, addition of FSH caused morphological changes of GFSHR-17 that are typical for GC differentiation. Cells became round, detached from the plate, and formed three-dimensional cell clusters (Fig. 7) . These morphological differentiation criteria could first be seen 3 h after addition of FSH, and they persisted throughout the entire observation period up to 24 h. FSH also induced progesterone synthesis. Thus, 24 h after the addition of FSH to GFSHR-17, accumulation of progesterone could be detected in the medium (ഠ0.5 ng per 60-mm plate, n ϭ 5 wells). In untreated GFSHR-17 cells, which served as controls, progesterone levels remained below the detection limit of the assay.
DISCUSSION
The present study provides novel evidence for a direct role of the gonadotropin FSH in the regulation of GJ communication, Cx 43 phosphorylation, and Cx 43 gene expression in a GC-derived ovarian cell line expressing the FSH receptor. Circumstantial evidence previously suggested involvement of FSH in Cx 43 gene expression in ovarian follicles, because the GCs of small follicles isolated from sheep ovary contained lower amounts of immunoreactive Cx 43 compared with GCs from larger follicles, which grow in a FSH-dependent way [16] . Also, the typical plaque-like, membrane-associated Cx 43 immunoreactivity was increased in larger follicles [15] . Importantly, treatment of rats with eCG increased Cx 43 expression in the ovary [13] . Taken together, these reports suggest either a direct or an indirect role of FSH in Cx 43 regulation.
Our results obtained in vitro (in GFSHR-17 cells) are in agreement with this assumption, because FSH likewise increased Cx 43 mRNA and protein levels (data not shown). This result indicates that where Cx 43 is concerned, GCs in the follicle and GFSHR-17 cells respond to FSH in a similar way. Importantly, our present results also allow the novel conclusion that FSH, rather than FSH-dependent products or other factors in the follicular fluid, is able to directly regulate Cx 43 and GJs. Because of the complex situation in vivo, with follicular GCs being exposed to a cocktail of potent factors, including numerous growth factors [14] and estrogen, results of previous studies failed to clearly pinpoint such a direct effect of FSH. Estrogens, for example, produced in an FSH-dependent manner by GCs have been shown to affect the expression of Cx 43 in other tissues (e.g., myometrium) [25] . The situation in the follicle in vivo may be even more complex, because interference of assumed direct/indirect FSH effects with other factors in the follicular fluid cannot be excluded. To specifically examine the possibility of a direct effect of FSH on Cx 43 and GJ, we chose GFSHR-17 cells [18] , which derive from preovulatory rat follicles and stabily express the rat FSH receptor. The GFSHR-17 cells form GJs and also possess Cx 43; Cx 26, Cx 32, and Cx 37 were not detected (unpublished results). Thus, they are excellent models for the purpose of this study. Use of GFSHR-17 also allowed us to rule out a possible side effect of estrogens on Cx 43 regulation, because in contrast to primary GCs, these cells lack aromatase activity and do not produce estrogens (unpublished results). However, GFSHR-17 cells produce progesterone when stimulated with pFSH [18] . This may be relevant, because progesterone may also have effects on Cx 43 gene expression in typical target tissues bearing progesterone receptors [26] . In GFSHR-17 cells, we could not detect immunoreactive progesterone receptors by immunoblotting and immunocytochemistry with a monoclonal antibody (data not shown). Nevertheless, we selected for our study a low concentration of pFSH (0.5 IU/ml) that still causes visible changes in GFSHR-17 cells (i.e., induction of individual cell rounding and growth in clusters clearly observed within 3 h after FSH treatment) to minimize any possible involvement of progesterone. That progesterone production was indeed minimal under these conditions was shown by our measurements. However, FSH was biologically active, because in addition to the FSH-induced cell rounding and cluster formation in GFSHR-17 cells, cellular proliferation decreased significantly within 9 h after FSH addition. This indicates that the well-established function of FSH to promote differentiation of GCs is conserved in GFSHR-17 cells.
In our study, we found that FSH strongly affected GJ communication in GFSHR-17 in a direct manner. A direct promoting effect on GJ coupling became evident in our patch clamp experiments. Within seconds, FSH decreased the junctional resistance between cell pairs, which is indicative of improved GJ transfer of ions. In contrast, cells did not change their resistance when buffer alone was used, whereas subsequent application of a disrupting agent of GJs, heptanol [27] , used for control purposes increased the resistance irreversibly. The molecular events leading to different gating of GJ channels in GFSHR-17 are not known. In general, gating is regulated by various parameters, including intracellular Ca 2ϩ , pH, and phosphorylation of Cx [28] . Some evidence exists that FSH may affect intracellular Ca 2ϩ levels in Sertoli cells [29] , but we did not observe any increase of intracellular Ca 2ϩ when FSH was added to GFSHR-17, as determined by single-cell Ca 2ϩ measurement using FURA-2 (unpublished results). Several phosphorylation sites of the Cx 43 protein at serine, threonine, and tyrosine residues have been described [30] , and we found that phosphorylation of Cx 43 was altered after treatment with FSH. In particular, phosphorylation at tyrosine and threonine significantly decreased, whereas phosphorylation at serine was not significantly altered or decreased in some experiments. Thus, the overall phosphorylation state of Cx 43 decreased or, in some cases, was unaffected. This is important considering that for Cx 43, increased phosphorylation is reported to be associated with lower unitary conductance in cardiomyocytes [24] . That increased serine phosphorylation leads to GJ communication breakdown was previously described after treatment of theca cells with nerve growth factor [14] . Likewise, epidermal growth factor has been shown to attenuate GJ communication via increased phosphorylation of Cx 43 at serine sites [14] . Moreover, evidence exists that increased phosphorylation at tyrosine residues is associated with reduced GJ communication [21, 31] . The opposite effects, namely reduced phosphorylation at threonine and tyrosine residues and increased GJ communication, as found in our present study are, therefore, in agreement with these reports.
Our results suggest the following sequence of events induced by FSH in GFSHR-17 cells: FSH acutely regulates gating of existing GJ and increases GJ communication. This involves decreased phosphorylation of Cx 43. In addition, FSH induces differentiation of cells, slows down proliferation, and simultaneously increases Cx 43 gene expression, most likely leading to increased GJ coupling in differentiated cells.
The GJs are thought to be essential for cell-to-cell communication within the GC layer of the ovarian follicle, and active communication may determine the fate of the follicle. Our results indicate that FSH, which regulates follicular growth, directly regulates GJs in the GC-derived cell line of GFSHR-17 cells, which share important traits with GCs in vitro. The experimental model used and the results obtained in the present study, therefore, provide the basis for future studies that can address both whether and how steroids and/or growth factors are involved in the regulation of Cx 43 gene expression, Cx 43 phosphorylation, and overall gating of GJ channels in cells of a follicle.
